The increase of temperature of a low-permeability, fluid-saturated media may trigger significant thermal pressurization, where the expansion of pore fluid cannot be accommodated by the thermal expansion of the pore space. With the aid of a coupled thermohydromechanical numerical simulator, we investigate the possible impact of thermal pressurization during the life of a deep geological repository (DGR) for high-level radioactive waste, characterized by the emplacement of radioactive material-filled canisters in a series of parallel tunnels, excavated in a low-permeability clay formation. We represent the fault as a planar structure embedded in a thermoporoelastic material and shear activation evaluated by a strainsoftening Mohr-Coulomb failure criterion. The results show that stress changes caused by temperature and thermal pressurization of a rock mass around the emplacement tunnels may trigger a slip event on a fault plane in proximity of the geological disposal site: Rupture nucleates at depth, hundreds of meters below the DGR. Stress transfer plays a key role, while a direct hydraulic connection between the repository and the nucleation zone is not necessary in order to trigger rupture. A low stress ratio may favor the occurrence of slip up to a distance of 600 m of the fault from the outermost tunnel. These results highlight the need of investigating hydromechanical properties and local stress conditions at depth to characterize the geomechanical response of weak planes located in the surroundings of a high-level radioactive waste repository and to provide sufficient knowledge for the safe development of the DGR site.
Introduction
A safe geological disposal site of radioactive waste requires identification of a rock formation that guarantees isolation to prevent unacceptable concentrations of radionuclides from migrating to the accessible environment. Among the favorable properties for a disposal in clay formations include (i) minimal diffusion of radionuclides, (ii) low hydraulic conductivity, and (iii) the capacity for self-sealing. The self-sealing capacity is particularly important to recover intactness of the excavation damage zone generated during the tunneling activities to construct the disposal site. Among the possible clay materials, the one found in the Opalinus Clay formation in northern Switzerland has been intensively investigated (Bossart, Bernier, et al., 2017) . Opalinus Clay is an example of an argillaceous clay formation resulting from specific tectonic processes, featuring a highly consolidated material with porosity up to 14-16% and extremely low permeability, on the order of 10 −20 -10 −21 m 2 (Horseman et al., 1996) . Currently, a common design for spent nuclear fuel disposal is the excavation of a series of horizontal tunnels to be filled with specifically engineered canisters containing vitrified high-level radioactive waste that are embedded within a buffer of swelling (bentonite-based) clay. Given the low permeability of a clay host formation, we can reasonably assume that near undrained conditions will be reached, even for relatively slow strain rate. Notwithstanding the background tectonic strain, the increase in temperature in the canisters and in the surrounding region due to the decaying radioactive material represents a local mechanism capable of straining the rock mass significantly. A side effect of the temperature increase in a lowpermeability porous material has been described analytically by Palciauskas and Domenico (1982) : In their work they showed that a continuously heated low-permeability, fluid-saturated poroelastic material will undergo an increase of the pore pressure, if the hydraulic diffusivity is much lower than the thermal diffusivity. The causative mechanism lies in the difference between the thermal expansivity coefficients of the fluid and the solid phase, responsible for a larger increase in fluid volume with respect to the volumetric expansion of the pore space. The near undrained conditions under which the media is found would then prevent or strongly impede the excess fluid volume from flowing to reequilibrate the pressure gradient.
Recently, thermal pressurization (also known as thermal pore pressure) has been observed in northern Alberta, Canada, during the extraction of steamheated heavy oil (Xu et al., 2013) . After the Athabasca heavy oil reservoir formation was treated with the injection of steam at a pressure of up to 2 MPa, the overlying low-permeability Wabiskaw sands intervals, acting as a caprock for the reservoir, showed an increase of pore pressure up to 6 MPa, measured some months after the steam injection during the drilling of a new borehole. No evidence of a hydraulic connection between the two formations or degradation of the sealing capacity of the caprock was found, and numerical analysis performed by Xu et al. (2013) showed that this pressurization is consistent with thermal pore pressure generation induced by the hot steam.
Thermal pressurization is a plausible mechanism responsible for the massive collapse of stratovolcanoes (Reid, 2004) . In this scenario, a remote, deep magma intrusion leads to the elevation of the pore pressure of a shallow hydrothermal system, without a direct interaction with the hot molten material and the fluid-saturated shallow formations. Consequently, the perturbation of effective stress and the degradation of mechanical properties due to the thermal pressurization will lead to the collapse of the volcanic edifice.
In the seismological community, thermal pressurization can be found as a consequence of shear slip, capable of preventing the melting of shearing material (Rempel & Rice, 2006; Sibson, 1973) and leading to an enhancement of slip weakening mechanism that causes the rupture to propagate farther and faster (Schmitt et al., 2011) . The occurrence and importance of thermal pressurization as a slip weakening mechanism during shallow events is discussed extensively in Chen et al. (2017) : Their study shows that, with increasing permeability, the thermal pressurization weakening effects is complemented by the vaporization of fault water, which buffers the possible temperature increase as well as further reducing the dynamic friction coefficient.
In agreement with the analytical description by Palciauskas and Domenico (1982) , thermal pressurization has been observed in clay materials both at the laboratory and at the field scale, from the centimeter-size samples obtained from the Opalinus Clay formation (Zhang et al., 2017) to the results of a field test with a 1:1-scale heater experiment at the underground research laboratory in Mont Terri, Switzerland (Bossart, Jaeggi, & Nussbaum, 2017) . The field test showed that in situ pressure of up to 4 MPa has been reached as a result of an increase in temperature of 30 °C. Theoretically, a bound on maximum possible overpressure is given by the sum of the combined in situ minimum stress and the tensile strength of the rock. If pore pressure reaches this threshold value, new pore space will be created by tensile opening and fluid will be able to move into it, and consequently, the hosting rock will at least temporarily lose its sealing capacity.
Assuming that the layout of the geological disposal repository will be a series of parallel emplacement tunnels filled with heat-releasing waste canisters, a relevant volume of the rock mass hosting the repository will be subject to an increase in temperature. The thermoelastic stresses and their impact on stability of faults and fractures for a deep geological repository built in a fractured crystalline formation have been investigated by Min et al. (2013) . They showed that shearing of faults and fractures is possible. The fractured nature of the crystalline formation should prevent the buildup of thermal pore pressure, so groundwater flow perturbation would occur only in relation to permeability changes induced by the repository activity. In a clay formation the thermal pressurization will not have hydrological relevance, since a clay formation is expected to behave as an aquiclude (not affecting the regional groundwater flow). However, thermal pressurization can enhance thermoelastic effects, such as a reduction of vertical stress and associated deformations affecting the surface and/or the underground structures (Read, 2002) as well as potentially leading to destabilization of faults located at a distance from the repository. Several studies show that a fault reactivation could be associated with the injection of relatively small amount of fluids, sometime even leading to human-felt events in seismological quiet areas. Examples are the stimulation of a shale gas well in the United Kingdom (Clarke et al., 2014) , during the initial phases of the offshore Castor gas storage project, Eastern Spain (Cesca et al., 2014) , as well as in more seismic prone areas like Switzerland, where human-felt events were triggered during the stimulation of the Basel geothermal reservoir (Deichmann & Giardini, 2009 ) and during the St. Gallen geothermal project (Diehl et al., 2017) .
In this work, we model the first centuries of operation of a generic underground repository filled with heat-decaying radioactive material. We investigate if the induced stress and thermal perturbation (in terms of stress, pore pressure, and temperature) can propagate outside the disposal formation and trigger the reactivation of a fault located in the proximity of the repository. We explored the influence of fault-tunnel distance, horizontal to vertical stress ratio, and fault cohesion to assess their influence on the occurrence and extent of the rupture.
Laboratory and Field Evidence of Thermal Pressurization
Laboratory investigations carried out on Opalinus and Callovian-Oxfordian clay samples have shown an increase of pore pressure respectively of 8 and 11 MPa, due to an increase in temperature from 30 to 60 °C applied in undrained conditions (Zhang et al., 2017) . Based on these results a thermal pressurization coefficient was computed to be on the order of 0.23 MPa/°C. Previously, Monfared et al. (2011) reported for an Opalinus Clay sample an undrained pore pressure increase of 1.2 MPa due to an increase in temperature from 25 to 55 °C, corresponding to an average thermal pressurization coefficient of 0.05 MPa/°C. Ghabezloo and Sulem (2009) derived an analytical formulation of the coefficient of thermal pressurization Λ, by considering the porosity n 0 , the thermal expansion coefficients of solid α s and of fluid α f and the compressibilities c f , c s , and c d , respectively, of fluid, of solid grain, and of the drained porous media:
(1) Applying this formula to the thermoelastic properties for Opalinus Clay obtained by Muñoz (2007) , thermal pressurization coefficient of 0.08 MPa/°C can be estimated.
In low-permeability argillaceous rock, the increase in pore pressure has been observed at the field scale during the Mont Terri HE-D experiment, where two heating devices were emplaced in a 30-cm-diameter canister. The heaters were provided 650 W of power for 90 days, subsequently the power was rapidly raised to 1,950 W for additional 248 days. Pore pressure and temperature were monitored at various boreholes drilled nearby the emplaced canisters (Wileveau, 2005) . The sensors installed in the boreholes measured an increase in pore pressure with increasing temperature: Gens et al. (2007) clarified the coupling of thermal to hydraulic and mechanical effects, while Garitte et al. (2017) later provided a numerical benchmarking exercise to confirm the thermohydromechanical (THM) coupling effect. In a recent numerical reproduction of the experiment, Nguyen (2018) noted that the maximum measured pressure of 4 MPa could be sufficient to create new tensile fractures in intact rock, given that the in situ minimum principal stress is estimated to be in the range of 2-3 MPa (Martin & Lanyon, 2003) , while tensile strength of the Opalinus Clay is expected to be of the order of 1 MPa parallel to bedding and 0.5 MPa perpendicular to bedding (Bock, 2001) . The thermal pressurization coefficient that can be derived from the in situ HE-D experiment is on the order of 0.1 MPa/°C. Table 1 summarizes estimates of the thermal pressurization coefficient for Opalinus and Callovian-Oxfordian clay under different conditions.
Coupled Geomechanical Model
We simulate a generic repository case with the coupled TOUGH-FLAC simulator (Rutqvist, 2017) to assess the influence of thermal, hydrogeological, and mechanical processes on the in situ stress state and on its distribution on a nearby plane of weakness.
The iteratively coupled TOUGH-FLAC code is based on linking the finitevolume code for multiphase flow and heat transport TOUGH2 (Pruess et al., 2012) with the finite-volume geomechanics software (ITASCA Consulting Group, Inc, 2012). Temperature and pressure distribution calculated by TOUGH2 are fed into the geomechanical simulator FLAC3D to calculate the stress state and to assess if failure conditions are reached. Thermal pressurization is computed in TOUGH2, being determined by the interplay between fluid thermal expansion, porosity change due to pressure and temperature, and the amount of water allowed to move by the formation permeability.
Plastic behavior is taken into account for an assumed nearby fault and for the bedding planes embedded in the disposal formation. Failure is calculated in accordance with the Mohr-Coulomb criterion, where the material will behave plastically if the shear stress overcomes the material strength. Shear and normal stresses are calculated from the stress tensor according to the plane of weakness orientation relative to the principal stresses. A similar approach has been used extensively to model the response of fault zones subjected to fluid injection (Cappa & Rutqvist, 2011; Rinaldi, Jeanne, et al., 2014; Rutqvist et al., 2013) or extraction (Zbinden et al., 2017) . Such a model can be further extended, to account for increasing complexity, being successfully applied also for a full 3-D formulation (e.g., Rinaldi et al., 2015; Rutqvist et al., 2015) , as well as for studying the ground surface response by dynamic rupture modeling (Cappa & Rutqvist, 2012; Rinaldi, Jeanne, et al., 2014) and with slip rate-dependent friction evolution .
In the study presented here, a known fault with 80° dip is located at 225-m distance from the outer emplacement tunnel, taking into account an empirical safety distance of 200 m arising from possible underestimation of a fault/fracture extension as imaged by geophysical methods (NAGRA, 2008) . The fault cuts through the argillaceous formation where the emplacement tunnels are located, extending both through the units lying above and below the repository. The fault is embedded in a 2 × 2-km domain, defined in plane-strain condition. The medium is considered elastic, with the exception of the clay formation and the fault zone that are subjected to a plastic behavior upon reactivation. The properties of the formation (i.e., cohesion/friction and orientation of bedding) are determined based on available literature (NAGRA, 2016; te Kamp & Konietzky, 2005) to be representative of a repository located at 700-m depth. A scheme of the model is shown in Figure 1 , with thermal, mechanical, and hydraulic properties are summarized in Table 2. In the repository formation, each tunnel is represented by a single element of size 3 × 3 m, which includes the canister, the bentonite buffer barrier, and the first decimeters of host rock. Representing the emplacement tunnel with a single element means that our model must rely on externally calculated curves for pressure and temperature, since it will lack the capability to resolve the processes taking place in the tunnel and at a close distance of the canisters. We rely on past development of the code, starting from the implementation of the Barcelona Basic Model (Alonso et al., 1990; Gens et al., 2006) into TOUGH-FLAC, and the consequent work of Rutqvist, Zheng, et al. (2014) where a comprehensive THM model of the emplacement tunnelcanister system was developed to investigate the near-field behavior in the rock mass. This work allows us to lump together the canister-tunnel behavior, providing the pressure and temperature internal boundary conditions of our THM simulation, to investigate the possible destabilization of a nearby fault not intersecting the repository. Rutqvist, Zheng, et al. (2014) calculated the thermal pressurization coefficient of 0.4 MPa/°C for a clay formation showing same properties described in the HE-D experiment (Gens et al., 2007) .
Fault material properties are derived from the recent laboratory investigations performed by Orellana et al. (2018) : Their results show that a Mohr-Coulomb criterion can be fitted to their observations, assuming a friction angle of about 20° and a cohesion value of 0.35 MPa for material under a compressive normal stress of up to 4 MPa. In our model the friction angle is assumed to be strain neutral, while the cohesion drops to 0 as soon as the failure conditions are reached. The sensitivity investigation for cohesion has been performed in the range 0-0.95 MPa, assuming always a maximum cohesion drop of 0.35 MPa.
Normal tectonic regime is imposed by assigning appropriate initial stress conditions (horizontal minimum stress S h is 0.6 times the vertical lithostatic stress S v ). Initially, the pressure profile is hydrostatic, with the disposal formation behaving as an aquiclude, a porous hydrogeological unit capable of storing water but not capable of transmitting it at an appreciable rate. A sensitivity analysis has been performed for stress ratio (S h divided S v ) in the range 0.58-0.64.
Boundary conditions account for tectonic stresses applied to the lateral right boundary and free surface conditions at the top boundary. Roller boundary conditions (no displacement allowed in the directional perpendicular to the boundary) are applied to the left and bottom boundaries. Fixed pressure is imposed at the bottom and at the top of the model, while a no-flow boundary is applied on the left boundary.
In the simulations, the heating power is not directly included since temperature and pressure imposed as a source term are the one calculated by Rutqvist, Zheng, et al. (2014) , based on 200 W of thermal power per meter of emplacement tunnel, with a center-to-center spacing of 50 m between each emplacement tunnel. The Dirichlet boundary conditions applied to mimic the tunnel and its complex behavior are derived directly from Rutqvist, Zheng, et al. (2014) , and it is plotted in Figure 1b . Our simulation stops when rupture takes place: Permeability of the sheared material may change abruptly, and it is beyond the scope of this study to investigate the hydrological consequence.
Results
Our model shows an average coefficient of pressurization of 0.115 MPa/°C for the Clay unit, given the material properties and the intertunnel distance. In Figure 2 the evolution of pressure and temperature at different times are presented.
In this time interval, pressure and temperature increases away from the emplacement tunnels, gradually affecting a larger volume of rock mass. Two different boundaries can be broadly identified: a first one marking the clay rock formation affected by both temperature and pore pressure increases and a second one, extending vertically below and above the Clay formation, marking the volume affected almost exclusively by a temperature increase. The pore pressure increase of the clay formation by means of thermal pressurization is mitigated by the formations above and below having higher permeability: Pore pressure can propagate in the surrounding rock mass as shown already in Rutqvist, Zheng, et al. (2014) . However, the most of the pore pressure perturbation is taking place in the Clay formation, due to its anisotropic permeability. The model shows no tensile failure occurrence in the rock mass due to the pressure increase.
The interaction of thermal pressurization, thermal diffusion, and pore pressure diffusion in the intratunnel rock mass gives already a complex pattern, with further nonlinearity given by the repressurization of the tunnels after their resaturation. While temperature in the tunnel is decreasing, at a distance temperature may increase. The increase in temperature may act on a rock mass already impacted by pressure diffusion, so the resulting increase in pressure is not thermal pressurization only, but the results of combination of time-dependent effects. These changes in pressure and temperature results in perturbation of local stress state, even at distance, due to the porothermoelastic response of the media. The relevance of these perturbations to fault stability can be computed in terms of change in Coulomb failure stresses (ΔCFS) on a failure plane determined by its dip and the shear direction. The CFS can be computed as (2) where τ is the shear stress component along prescribed shear direction, σ n is the normal stress acting perpendicular to that direction (negative compressive stress convention), and c 0 is the cohesion value. Variation of CFS will be positive if the plane is destabilized.
In Figure 3 ΔCFS is computed for a plane with a dip of 80 toward the repository, showing that the most relevant changes in CFS happens in proximity of the repository, in the underlying units.
With respect to stress state on the fault plane, although the fault plane is not affected by temperature change in the first centuries of operation, the pore pressure diffusion is quicker in reaching the fault plane and the stress state on the fault plane is strongly affected from the very beginning. With time progressing, the CFS values reaches an almost stable distribution, with minor changes in its distribution after the first 1,000 years, although the pressure and temperature continue to diffuse.
We will consider as our basis scenario a setup where the stress ratio is 0.6, the distance between the fault plane and the outermost tunnel is 225 m and the initial cohesion is 0.35 MPa (dropping to 0 as soon as Mohr-Coulomb failure criterion is reached). Figure 4 shows in detail how a fault plane behaves in the basis scenario, in terms of pressure, stress changes, and fault slip evolution. Pore pressure changes on the fault plane are visible in detail in Figure 4a , while stress transfer effects, where pore pressure and temperature changes are indirectly affecting the stress state on the fault plane, are visible in Figure 4b . Additionally, in Figure 4b it is possible to note the increase in the fault strength. We refer to fault strength as the limiting shear stress value that the fault can sustain, that is, it is the sum of the frictional forces arising from effective normal stress acting on the fault and the cohesion of the fault itself. The fault strength is τ s = c 0 − μ(σ n +p), where the symbols are the same as in equation 2 (the convention chosen is always stress is negative when compressive). For the fault section within the clay formation, the fault strength increase is due mostly to the increase in normal forces acting on the fault plane arising from the combined thermoelastic and poroelastic response: Being in line with the tunnels, the formation undergoes mostly a horizontal compressive strain, which in turn results in an increased compressive stress in the horizontal component. At rupture, the fault strength is reduced due to the prescribed cohesion loss (comparing the black lines, the shear stress matches the shear strength in Figure 4b where fault slip occurred, as plotted in Figure 4c ). Figure 3 and in Figure 4 show that reactivation of a normal fault (i.e., vertical stress is the largest) can take place, with the rupture nucleating at depth, between 250 and 900 m below the repository (between 950 and 1,600 m below surface) and during the first 1,000 years after emplacement. When rupture takes place, the fault ruptures for a length of about 1 km, with an average slip on the order of 1 cm.
Results presented in
For the basis scenario rupture conditions are reached at the time TR = 71 years after the emplacement of the canisters (assuming the canisters are set in place at the same time, in every tunnel). The rupture nucleates at a depth of 975 m, 275 m below the tunnels depth, and at a distance of 326 m from the outermost emplacement tunnel, well outside the zone affected by the thermal pressurization and by temperature change (Figure 2) : Rupture does not correspond to the peak of pore pressure, neither in time ( Figure 2 ) nor in location (Figure 4a ). Indeed, the combined effect in terms of shear fault strength and shear stress acting on the fault is responsible for the reactivation. Although there is a large increase in pore pressure in the clay formation, the poroelastic response due to the pressurized region around the tunnel, combined with the thermoelastic response, is responsible for a net increase of fault strength in the clay formation, due to the resulting thermoporoelastic increase in horizontal stress component (Figure 4b) , with pore pressure diffusion reaching the fault plane only at a later time. The rupture length is visible in Figure 4c , where shear slip is shown, as well as by the black lines in Figure 4b , showing the fault section of about 1.1-km length that undergoes both shear stress and shear strength reduction, due to cohesion loss. The computed slip reaches a maximum of about 2.5 cm, with an average slip of 0.64 cm over the ruptured section of the fault (Figure 4c ).
If the rupture releases its energy seismically, the scalar seismic moment M 0 would be , with G representing the shear modulus, the average slip, and S the ruptured area (Kanamori & Anderson, 1975) . Seismic moment can then be translated into moment magnitude M w , according to the relation (Kanamori & Anderson, 1975) . Assuming that the rupture happens on a circular patch, extending equally vertically and in the out of plane direction, the resulting magnitude M w would be 2.98. This value is purely indicative and is given here as a first estimate of what can be the outcome of the reactivation of a certain fault given a certain stress state. Considering more advanced fault rheology (such as velocity-strengthening behavior and heterogeneous frictional properties) may change both the amount of slip and the ruptured area extent, with a resulting decrease in M w that can be on the order of unit or more .
The average slip on the fault is far less than the displacements that are expected at the surface or at the interface clay overburden (75 m above tunnels), which are due to the temperature and pressure change ( Figure 5) . Ground heave reaches a maximum of 7.5 cm already in the first 70 years after emplacement. These values are only indicative, and their limitations are acknowledged: Displacements may be overestimated (due to the plainstrain assumption), while the seismic magnitude calculation are heavily influenced by assumption on the out-of-plane rupture extent. Despite the uncertainty in the calculation, the vertical uplift is expected to be much larger than any natural tectonic process occurring in the same time frame. This displacement is occurring homogeneously over a wide area, with a maximum slope of about 0.02° for surface locations at 300-m distance from the center of the repository, corresponding to a deformation of less than 350 microstrains and therefore not affecting human made structure.
Dependency of slip and rupture area on the various parameters assumed for the model is presented in Figure 6 . We performed a sensitivity analysis on stress ratio, lateral distance between the edge of the repository and the fault (tunnel-fault distance), and cohesion, in comparison to the base case presented in detail in Figure 4 . Both ruptured length and average slip depend strongly on the stress ratio and less on fault properties and on the lateral between repository edge and the fault. The fault is not reactivated if the stress ratio between minimum horizontal and vertical stress is larger than 0.635. For a stress ratio S h /S v of 0.6, our analysis predicts that reactivation can occur, on a fault located up to 600 m away from the tunnels. With increasing distance between the tunnels and the fault, the reactivation is delayed: Figure 6b shows that for distances of 225 and 450 m rupture happens, respectively, 71 and 697 years after emplacement, but it gets larger as well, since at larger distance a bigger length of the fault is stressed. Figure 6c shows that cohesion of the fault modulates the rupture, with the largest rupture taking place for a value in between a cohesionless fault and a high cohesion (cohesion larger than 1 MPa). Displacements induced by the fault slip are order of magnitudes smaller that the displacements induced by thermal pressurization, unless the stress ratio is lower than 0.6: In that case the rupture will induce relevant deformations both in the Clay unit and at the surface.
Slip and rupture extent are strongly influenced by the initial stress condition: In a worst-case scenario, where stress ratio is smaller than 0.59 (uniformly along the fault), rupture propagates through the Clay formation, even rupturing the overburden formation (Figure 6a, red solid line) . Varying the fault distance affects the timing of the rupture but not the average slip nor the length of the ruptured fault section: The reactivation can occur even for a fault zone located more than 400 m from the edge of the repository ( Figure  6b ). Finally, the cohesion has also an impact on the amount of slip, rupture length, and reactivation time: For very low cohesion the fault is deforming plastically and continuously with little sudden slip at time of reactivation; if the cohesion is higher than 1 MPa, reactivation does not occur, while an intermediate cohesion value (0.2-0.35 MPa) allows for stress buildup that can be released suddenly (Figure 6c ).
Discussion
This study presents a tectonic worst-case scenario, where a critically stressed fault is influenced by the THM changes caused by a nuclear waste repository located about 200 m away. The study focused on the imposed thermoporoelastic load destabilizing and leading to the slip of the weak surface. Due to the abundance of data collected in the Mont Terri Rock Laboratory (Bossart, Bernier, et al., 2017) we refer to similar conditions and hydromechanical properties, although our model does not aim at reproducing or predicting the geomechanical behavior of that specific site.
The increased temperature from the simulated decaying radioactive material contained in the emplacement tunnels is responsible for a rapid undrained increase in pressure in the host rock formation. The undrained response is by definition only an approximation of the condition of the media: In the case presented here, the lower the ratio of fluid to thermal diffusivity is, the longer this approximation holds valid. At constant temperature, the pore pressure distributes in the repository formation and the surroundings, albeit slowly (the thermally induced pressure gradient will hamper the reequilibration of the pore pressure). The arising thermal pressurization can trigger fault reactivation, with conceptual similarities to the occurrence of fluid injection-induced seismicity, although here the time scale is much larger. A mitigation to the thermal pressurization effect may be provided by an increased permeability of the underlying units, which may be beneficial in terms of dissipating the thermal pore pressure and reducing the deformation, but it may negatively affect the stability of a fault located in the surrounding, providing a pathway for increased pressure to reach the lower, near-critically stressed sections of the fault, especially if the underlying unit is a fractured, low-porosity formation.
The nucleation patch for the scenario presented here is located at a depth of 975 m, 275 m below the emplacement tunnels. The nucleation of a rupture inside the hosting clay formation is extremely unlikely for a steeply dipping fault running through it: The combined stress perturbation due to temperature and pressure increase in the rock mass closer to the tunnels increases the minimum horizontal stress outside the heated and pressurized rock mass, clamping the fault and increasing its strength. When accounting also for the slip-strengthening behavior of the possible composition of fault gouge in a clay formation (Orellana et al., 2018) , it is evident that the canisters emplacement should stabilize normal faults in the host formation. Accordingly, rheological studies show that a rupture nucleating in the argillaceous formation would be likely aseismic because of intrinsic velocitystrengthening behavior of clay-rich fault material saturated with water (Bakker et al., 2019; Tembe et al., 2010) . In contrast, deeper sections of a normal fault may be destabilized by the combined effect of thermoelastic and poroelastic stress and by pore pressure increase. This is somewhat similar to previous thermal perturbation effects on fault stability (Segall & Fitzgerald, 1998) and to injection-induced fault reactivation studies (De Simone et al., 2017; Rutqvist et al., 2016) that showed how the pressurization of a certain rock mass volume influences the state of stress beyond this volume itself. Similar to the above-mentioned studies, it is possible to infer from our results that also normal fault reactivation could happen above the repository: In this case, shear stress changes depicted in Figure 4b would be reversed in sign, leading to the nucleation of rupture in the upper section of the fault. The occurrence of shearing of weakness plane located above the repository was numerically evaluated by Min et al. (2013) , even by considering the stress transfer arising from temperature changes only: The poroelastic stress transfer arising from thermal pressurization enhances the thermoelastic effects.
From the excavation and the experiments performed at the Mont Terri underground research laboratory, it is known that an old, quiet, tectonic fault is present in the Opalinus Clay formation. The fault existence is in apparent contrast with the Opalinus Clay formation properties that should present velocity-strengthening behavior (Orellana et al., 2018) and thus impeding the nucleation of a seismic rupture and the formation of such a structure. The aseismic behavior of a fault cutting through a clay formation has seen additional confirmation by the fluid injection experiment performed directly in the Opalinus Clay fault zone at the Mont Terri underground laboratory (Guglielmi et al., 2015) . Therefore, the existence of a fault-like structure in a Clay formation is likely to be the result of a rupture nucleating elsewhere, possibly in a deeper formation with different rheology, which then propagated for a certain length through the Clay formation. For the specific case of the Mont Terri fault zones, the fault zones are interpreted as branch faults from basal shearing and the associated thrusting action (Bossart, Jaeggi, & Nussbaum, 2017) . The velocity-strengthening behavior of a certain formation does not guarantee that a rupture nucleated below will not cut through the material. If that occurs, the amount of seismic energy released will not increase much, but the possibility of temporarily compromising the local sealing properties of the Clay material cannot be excluded.
The occurrence of induced seismicity in conjunction with the emplacement of high-level waste requires not only the presence of a fault but also that such a fault is under a near critical stress state for instability at least in some of its portion. This is not a trivial matter to exclude (or confirm). In the recent years, the occurrence of induced seismicity in the Central United States has been linked to the pressurization of the Arbuckle formation due to the disposal of waste water, with the seismic events generally located in the crystalline basement below the formation accommodating the injected fluid. Although this remote triggering of seismicity is possible either via a moderate increase in pore pressure or even just by poroelastic stress perturbation (Goebel et al., 2017) , fault reactivation showed that the in situ stress conditions of the crust are much more heterogeneous than assumed, even for dormant tectonic settings (Levandowski et al., 2018) .
The results of our model simulations show that a rupture may nucleate and propagate below the repository, even when the fault is located at a distance from the tunnel. The magnitude of such an event is limited by the size of the fault, and the actual rupture could be much less than the size of the fault. The slip calculated here is based on a 2-D representation. Previous studies, based on the same numerical tool applied here, have been used to quantify slip on a fault reactivated by fluid injection both in a 2-D plane-strain approximation and in a 3-D model , resulting in very similar magnitude estimates for the two cases.
The reactivation pattern shows that the stress changes on the fault plane are important for the buildup of a nucleation patch, while the size of the resulting rupture is mostly determined by the cohesion drop and the in situ stress state. Although there is a relation with fault-tunnel distance and rupture time, this relation breaks down if the stress transfer is not strong enough to sustain the creation of a nucleation patch. For the basis scenario presented here, after the first 1,000 years the temperature and pore pressure change would continue diffusing, perturbing the stress state of a larger and larger volume: However, the magnitude of the perturbation at each point will peak at lower values, not affecting significantly the stability of a fault located farther than 600 m from the outermost tunnel. The possible tensile failure that may have occurred during the field test (according to Nguyen, 2018) is not occurring in our model. It must be noted that the field experiment happened at much shallower depth and the rock mass is weaker than the one expected to be found at depth.
Identifying tectonic structures and especially the in situ stress state in proximity of a target geological disposal site is therefore advised to confidently assess the likelihood of a reactivation scenario. We envision the importance of quantifying the generated ground motion in response to shallow event with M w > 3, similarly to a previous study , since the ground shaking acceleration and velocity values can be strongly affected by local conditions and by the reduced depth, while the predicted ground motion determined by historical regional tectonic events may not be completely applicable (Edwards et al., 2018) .
Conclusions
For the conditions considered in this study of nuclear waste disposal in a lowpermeability clay formation, the temperature increase imposed by the simulated heat releasing spent nuclear fuel contained in the canisters results in relevant changes in pore pressure. The simulation indicates that the formation hosting the disposal site is heated, up to 10-40 °C, and pressurized, up to 1-5 MPa, during the first centuries of operation of the repository. The simulations of a generic case showed how the combined stress transfer effect of thermoelastic and poroelastic stress change, with marginal contribution coming from the pore pressure diffusion, can create a nucleation patch of a seismic event on a fault located below the repository, outside the disposal formation. This may lead to the reactivation of a fault located at a lateral distance from the outermost tunnel on the order of hundreds of meters (up to 500 m), given a critical local stress ratio S h /S v (0.635 or less). Moreover, the simulations showed that reactivation is delayed with the increasing distance of the fault from the repository, but a delayed reactivation may rupture a slightly larger section of the weak structure, due to the thermal conduction resulting in a bigger volume of clay formation undergoing temperature changes. The thermoelastic and poroelastic response to temperature changes and thermal pressurization results then in an increased section of fault affected by a shear stress increase. Magnitude value and vertical uplift computed here are to be taken with caution and more as indicative of the order of magnitude rather than as exact values: Nonetheless, they show that the geological repository temperature and pressure will not pose a threat to the structural integrity of surface building and structures.
Given its practical implications, characterization of the in situ stress state and the possible presence of the faults not only in proximity of the geological storage site but also in the underlying formations is essential. The possibility of reactivating a fault by means of thermal pressurization depends not only on the relative position fault-repository but as well on the in situ stress state and on the hydromechanical properties of the underlying formation.
